The level of selenium-resistant bacteria in water, algal mats, and sediment from Kesterson reservoir, Calif., a site with known selenium pollution, was compared with that in nearby Volta reservoir, a site with low selenium levels. A high percentage (>50%) of all isolates from the Kesterson samples were resistant to 10 mM selenite. In contrast, only a small percentage of the Volta isolates were resistant to this level of selenite. The identity of some selenite-resistant isolates and MICs of selenite, selenate, arsenite, arsenate, tellurite, and tellurate were determined.
Resistance of bacteria to the toxic metalloids is a welldocumented phenomenon (5, 19, 20, 22) . However, the mechanism(s) of resistance to these group V and VI elements, including arsenic, selenium, and tellurium, is poorly understood. Only in the case of plasmid-encoded arsenate resistance in Escherichia coli and Staphylococcus aureus is there good evidence that resistance to the oxoanion involves an energy-driven efflux (16) . The mechanism of arsenite resistance in the same strains is unknown. Similarly, the mechanism of tellurate and tellurite resistance in gramnegative bacteria is unknown but may be plasmid mediated and may involve reduction and methylation (18) . Selenium resistance in certain bacterial genera is well known, and the incorporation of selenium salts into selective media for the isolation of salmonellae and certain bacilli is a standard practice (9) . LaPage and Bascomb demonstrated that a variety of gram-negative genera can grow in the presence of very high levels of selenite (e.g., 0.19 M sodium selenite); these genera include Citrobacter, Hafnia, Proteus, Pseudomonas, and Salmonella (9) . The biochemical basis for this resistance is unknown.
Biotransformations of selenium in aquatic environments, soil, sediment, and sewage have been reviewed by Doran (4). Addition of selenate or selenite to lake water or addition of selenite or elemental selenium to soil or sewage sludge leads to the emission of volatile methylated selenium species as well as the production of insoluble selenium metal (2, 15) . Biomethylation mechanisms for selenium have been reviewed, and it has been shown that the resulting dimethyl selenide is less toxic than inorganic selenium species (13) .
Recently, there has been concern over the levels of selenium salts introduced into the Kesterson National Wildlife Refuge in the San Joaquin Valley of California as a result of soil leaching and diversion of the resulting drain water (1, 11) . In addition, nine areas in six western states have been identified as having selenium levels which merit concern (12) . Levels The percentage of Se(IV)-resistant bacterial isolates that produced red colonies on CPS-selenite agar, indicative of the reduction of selenite to metallic selenium (9) , also varied significantly between test sites. At the Kesterson site these percentages were 99.0, 98.7, and 66.8 for sediment, algal, and water samples, respectively, whereas at the Volta site only 20.6, 25.8, and 2.2% of the sediment, algal, and water isolates, respectively, produced metallic selenium. These results suggest that introduction of selenium into the Kesterson system has led to a high concentration of bacteria able to reduce selenite to the metal and that the majority of recoverable bacteria associated with Kesterson water, algae, and sediment are selenite-reducing species. In addition, total heterotroph numbers were 1 to 2 orders of magnitude lower in Kesterson water, algae, and sediment samples (Table 1) . Total plate counts have been reported to be a good measure of the actively metabolizing population (6) . However, it should be recognized that significant populations, e.g., phototrophs or chemoautotrophs, may not be recovered on CPS agar. Therefore, the incidence of selenium resistance in the microbial community in toto is unknown.
Inclusion of 10 mM sodium selenate in the CPS plating medium had very little effect on the total recovery of bacterial colonies (data not shown). This is consistent with the idea that selenium in the +6 oxidation state is relatively nontoxic to aerobic facultative bacteria, a result reported by others (4, 9) . Of thousands of colonies detected on CPS agar supplemented with 10 mM selenate, only a few were observed to produce red metallic selenium.
Approximately VOL. 53, 1987 reducing strains of the set of 200 isolates mentioned above; this indicates that the selenate-reducing phenotype is rare in these heterotrophic bacteria. Previous studies on soil bacteria (4) have demonstrated that only a small percentage of isolates reduce selenate to metallic selenium; the identities of these bacteria have not been reported. It may be significant that the major inorganic selenium species at Kesterson reservoir are selenate in the water column and selenite in sediment (8, 14) . Surprisingly, the three selenate-reducing bacterial strains were isolated from sediments. The significance, if any, of this observation will require further study.
To determine the relative toxicity of selenium salts toward some of these bacterial isolates, MICs were determined for several isolates. These values were compared with those for three selenite-sensitive isolates that had been picked from CPS plates and found to be incapable of growth on CPS plates containing 10 mM sodium selenite. MIC determinations (Table 2) were done by the procedure described by Hendrick et al. (7), except that CPS agar was used and plates were incubated at 22°C and scored at 48 h. MICs of sodium selenite varied from 25 to >200 mM for the subset of selenite-resistant isolates tested. They can be compared with MICs of 0.78 to 1.56 mM for the three selenite-sensitive isolates. If the latter three isolates are indicative of typical levels of selenite tolerance in heterotrophic bacteria, then the resistance expressed by the selenite-resistant isolates identified in Table 2 is approximately 25 to >200 times higher.
The MICs of sodium selenate (Table 2 ) ranged from 6.5 to >200 mM for the selenite-resistant set of isolates. This selenium salt exhibited MICs of 1.56 or 25 mM for the three selenite-sensitive isolates. From the data obtained, it can be seen that the relative toxicity of selenate versus selenite varied from strain to strain, and thus it seems likely that selenite resistance and selenate resistance are separate phenotypes.
To address the possibility that selenite resistance is associated with resistance to other metalloids, MICs of arsenate, arsenite, tellurate, and tellurite were also determined for the same set of isolates (Table 2 ). Whereas some of the isolates were resistant to one or more of these metalloids, with MICs comparable to published values (7, 18, 20) , there was no definite correlation between selenite resistance or selenate resistance and resistance to other metalloids.
Likely mechanisms of bacterial resistance to selenite include export, methylation or volatilization, and precipitation of insoluble selenium metal (5, 19, 20) . Clearly, as shown in the present study, the capability to reduce selenite to selenium metal is widespread in heterotrophic bacteria isolated from the Kesterson site. In addition, most of the selenite-resistant isolates produced a garlic odor when exposed to selenite, indicative of the production of methylated forms of selenium (4) . The ability of Corynebacterium sp. and Pseudomonas sp. isolates from soil and water (not polluted with selenium) to produce dimethyl selenide when exposed to inorganic selenium has been described previously (2, 4) . It is likely that the same bacterial genera, numerically dominant at the Kesterson site, are contributing to the volatilization of methylated selenium species from sediment and water. More work is needed to establish whether reduction or methylation pathways (or both) in these bacteria are related to the high level of selenium resistance seen.
The results described here have revealed significant bacterial resistance to selenite in a selenium-contaminated aquatic system. Perhaps it is not surprising that such resistance has developed, in light of the extensive documentation of the selection for bacterial resistance to metals and other antibacterial agents in environments with a high concentration of these toxic agents (5, 18, 22) . The consequences of bacterial resistance to selenium at polluted sites may be significant in the overall biological cycling of selenium, since these microorganisms are low on the food chain and may be accumulating selenium metal. The ability of heterotrophic bacteria to convert inorganic selenium to volatile methylated selenium species may also contribute to the transport of selenium through the food chain, analogous to biological cycling of mercury that is initiated by bacterial reduction and methylation of mercuric ion (22) . It is clear that the bacterial transformations of selenium described here may play an important role in creating selenium compounds of greater toxicity or greater potential for bioaccumulation to higher trophic levels, or both. In addition, bacterial methylation pathways may contribute to the release of selenium gases to the atmosphere.
